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[57] , ABSTRACT 

The present invention comprises a highly sensitive non 
contact force microscope having a coaxial cantilever-tip 
con?guration and a method of forming such con?guration. 
The non-contact microscope obtains high resolution graphi 
cal images of a sample surface topography, and/or other 
properties thereof including its electrostatic, magnetic, or 
Van der Waals forces. 

7 Claims, 6 Drawing Sheets 
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NON-CONTACT FORCE MICROSCOPE 
HAVING A COAXIAL CANTILEVER-TIP 

CONFIGURATION 

Some of the work resulting in this invention was per 
formed under O?ce of Naval Research Grant No. N 00014 
88-K-0094 and the United States may have certain rights to 
this invention. 

This application is a divisional of pending U.S. patent 
application Ser. No. 08/241,745 ?led on May 12, 1994 for 
NON-CONTACT FORCE MICROSCOPE HAVING A 
COAXIAL CANTILEVER-TIP CONFIGURATION, now 
U.S. Pat. No. 5,509,300. 

INTRODUCTION 

This invention relates generally to the ?eld of force 
microscopy and more particularly to a novel and unique 
force microscope having a coaxial cantilever-tip con?gura 
tion for ultra sensitive non-contact detection of forces and 
force gradients. This con?guration, with the cantilever and 
tip having a substantially common axis, facilitates the prac 
tice of non-contact force microscopy, such as in the mea 
surement of long-ranged electrostatic interactions, Van Der 
Waals forces, magnetic forces, and the like. 

BACKGROUND OF THE INVENTION 

Scanning probe microscopy refers generally to a class of 
high resolution techniques for studying surfaces at or near 
atomic resolution. Several different techniques which pro 
duce these results have been described in the prior art. 
One of the ?rst such techniques is scanning tunneling 

microscopy (STM), which utilizes a sharpened tip held in 
electrical contact (circa 0.1 to 1 nm) with a sample surface, 
and biased to produce a current between the tip and the 
surface. Current variations caused by differences in the 
distance between the tip and the surface may be plotted to 
yield a topographical representation of the surface. This 
technique is described in Binnig et al. (U.S. Pat. No. 
4,343,993). In Binnig, the tip and the sample must be 
electrically conductive to allow current ?ow between them, 
and as such, limits the application of this technique. Another 
limitation is that the STM is sensitive only to the charge 
density at the surface of the sample. 
A later variant of scanning probe microscopy was 

described by Binnig, Quate, and Gerber who reported the 
earliest atomic force microscope (AFM). (See: Binnig et al., 
Physics Review Letters, Vol. 56, page 930 (1986)). This 
early atomic force microscope, as further described in Bin 
nig (U.S. Pat. No. 4,724,318), utilizes a small, diamond 
microprobe tip mounted on the side of a soft cantilever, so 
that the axes of the cantilever and the tip are substantially 
perpendicular to one another. The tip is brought into close 
proximity (0.1 to 1 nm) to the sample, with the cantilever 
disposed parallel to the sample, so that the repulsive forces 
between the tip and surface cause de?ections of the canti 
lever. 

In the Binnig AFM application, the tip is attached to a 
conductive cantilever which is interposed between the 
sample surface and a standard STM tip. A tunneling current 
is then maintained between the AFM cantilever and the STM 
tip, so that the sample need not be conductive. Changes in 
the current ?ow between these two elements provide a 
sensitive measure of the de?ections of the AFM cantilever, 
and hence of the forces between the sample surface and the 
tip. More recent and more common AFM applications use 
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2 
other techniques, such as optical methods, to measure can 
tilever de?ection. 

In one mode of operation, changes in the de?ection of the 
cantilever are measured as the tip is rastered over a sample. 
In practice, the tip scans the sample in very close proximity 
(<1 nm) to the sample surface, so that the de?ections of the 
cantilever are due to the repulsive forces between the atoms 
on the sample and the atoms on the apex of the tip. 

As was immediately recognized by Binnig et al., a gen 
erally superior mode of operation utilizes dynamical tech‘ 
niques to reduce noise, and thereby increase sensitivity. By 
vibrating the cantilever perpendicular to the plane of the 
sample (i.e. vertically relative to a horizontally disposed 
sample) at the mechanical resonance frequency of the can 
tilever, noise is reduced by the quality factor of the mechani 
cal resonator and by the narrow frequency range of the 
measurement. A possible disadvantage of this “resonance 
enhancement” con?guration is that it is sensitive primarily 
to force gradients in the direction of vibration, the net force 
perpendicular to the sample surface (Z-direction) must still 
be determined from the static de?ections of the cantilever. 

Furthermore, a fundamental drawback of the Binnig AFM 
geometry is that the tip can only be vibrated in a direction 
that is substantially perpendicular/to the sample surface. 
Thus, although forces between the tip and sample act in all 
directions of XYZ space, only the force gradients in the 
direction of oscillation (Z-direction) can be sensed by a 
cantilever that is oriented parallel to the sample surface; 
important information about the forces in the X- and Y-di— 
rections cannot be resolved. 

Mate et al. (Phys. Rev. Lett., 59 pg. 1942 (1987)) describe 
a frictional force microscope for measuring lateral forces 
(see also Meyer and Amer, Appl. Phys. Lett., vol. 57 pg. 
2089 (1990) and Marti et al., Nanotechnology, vol. 1 pg. 141 
(1990)). The cantilever-tip con?guration of these frictional 
force microscopes is similar to that of the Binnig AFM (with 
the cantilever axis oriented substantially parallel to the 
sample’s surface), but lateral forces are measured from the 
torsional rotation of the cantilever about its axis. This 
con?guration, however, has some fundamental drawbacks 
that limits its sensitivity to lateral forces. First, the cantilever 
spring constant is always stiffer against torsional rotation 
than it is against normal displacement. Second, it is gener 
ally di?icult to excite torsional modes of vibration, hence no 
resonant enhancement of the lateral force resolution has 
been achieved with these microscopes. Finally, only forces 
in one lateral direction (for example, in the X-direction, but 
not the Y-direction) can be measured at a time. 

Taubenblatt (Appl. Phys. Lett., vol. 54 page 801 (1989)) 
describes a different con?guration for atomic force micros 
copy. The Taubenblatt microscope utilizes a vertically 
mounted STM tip, which can be made to vibrate laterally 
over the surface of a horizontally disposed sample. Changes 
in the vibrational frequency of the STM tip provide infor 
mation about changes in the lateral atomic forces between 
the tip and the sample, thus rendering simultaneous STM 
and AFM images. The Taubenblatt STM/AFM microscope 
requires that the tip and sample be made from electrically 
conductive materials. Furthermore, the tip and sample must 
carry a possibly damaging electrical current. Finally, during 
imaging, the tip must be kept in close proximity to the 
sample surface, so it cannot be used for non-contact force 
microscopy. 

Pohl (U.S. Pat. No. 4,851,671) describes a similar con 
?guration for the measurement of lateral atomic forces. The 
Pohl AFM utilizes a rigid microprobe tip attached to (or 
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etched from) a quartz crystal oscillator. In practice, the tip is 
brought into close proximity to the sample (<1 nm), and the 
tip is vibrated laterally across the sample surface. Changes 
in the resonance frequency of the quartz crystal provide 
information about the force gradients at the surface in the 
direction of oscillation. 

A fundamental drawback of the Pohl AFM is that the 
oscillator consists of a quartz crystal, which has a static 
spring constant of approximately 4x106 N/m. Generally, 
such a “sti?" spring constant AFM requires complex instru 
mentation to achieve the sensitivity of a typical “soft” 
cantilever (0.01-100 N/m) AFM. Speci?cally, Pohl uses a 
sophisticated frequency counter, capable of resolving 
changes of 2 parts per billion in the frequency of the crystal, 
for sensitivity (2><10'12 N) comparable to that of a simple 
“soft” cantilever AFM. Furthermore, such frequency reso 
lution requires relatively long integration times (about 1 
second per point), which limits the scan speed to several 
minutes per line. Finally, because of the very high spring 
constant of the quartz crystal oscillator, the Pohl microscope 
does not interact detectably with the sample until the tip is 
in close proximity (within 0.1 to 1 nm) of the sample 
surface, thus the Pohl microscope is limited to the measure 
ment of relatively strong interatomic forces. 

Sometimes it is desirable to measure other types of forces 
from a sample. Abraham (US. Pat. No. 4,992,659) teaches 
an electro-magnetic force microscopy means and method 
whereby Lorentz forces arising from the interaction of a 
current interposed between the metallic conductive tip and a 
conductive sample surface are measured. Lorentz forces are 
those forces that arise when the current ?ow between the tip 
and sample of a STM system are de?ected by a magnetic 
?eld. 

Abraham’s preferred tip is non-magnetic to eliminate 
extraneous forces created by a magnetic tip. When an STM 
current is interposed between the conductive tip and the 
conductive sample, Lorentz force (electro-magnetic) 
induced de?ections of the vibrating tip can be measured. The 
strength of the force, and hence the magnitude of the 
de?ection, is plotted using laser positioning instrumentation. 
Fundamental limitations of the Abraham Lorentz force 
microscope include that the sample must be conductive, and 
that a potentially damaging and invasive current must pass 
through the surface. 

Furthermore, as in the other prior art techniques for 
contact AFMs described above, the Abraham microprobe tip 
must be placed at a distance of approximately 1 nm (or less) 
from the surface to be studied. To obtain a complete image, 
this close proximity must be maintained throughout the 
scan. Thus, to follow the contours of a sample, rapid motion 
of the tip assembly must be made to avoid catastrophic 
impingements (crashes) of the tip onto the sample. This 
indicates that only microscopically smooth regions of a 
surface may be investigated successfully, which is an obvi 
ous de?ciency when the investigator desires to study an 
irregular surface. 
Some improvements in the prior art have been made by 

operating standard (perpendicular cantilever-tip con?gura 
tion) AFMs in non-contact mode. In non-contact mode, the 
AFM tip is held farther from the sample (l—l00 nm), where 
a diversity of longer-ranged interactions such as magnetic, 
Van der Waals, or electrostatic dipole forces may be 
resolved. In general, these long-ranged forces are weaker 
and more dispersed than the inter-atomic forces measured by 
contact AFM, which thus has the advantage of diminishing 
the possibly destructive forces that the tip imparts on the 
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sample, but demands that maximum sensitivity be available 
for near atomic resolution. 

Any force microscope that incorporates a tunneling cur 
rent between the sample and tip (such as the Taubenblatt 
AFM/STM or the Abraham near-?eld Lorentz magnetic 
force microscope) cannot be operated in non-contact mode. 
Moreover, any force microscope with limited force resolu 
tion (such as the Pohl oscillating quartz AFM) cannot be 
operated in non-contact mode. All prior art AFMs that have 
been operated in non-contact mode have embodied the 
original Binnig con?guration of a tip that is substantially 
perpendicular to the cantilever, but this con?guration has 
some fundamental drawbacks. First, the tip can only be 
vibrated in a direction substantially perpendicular to the 
surface of the sample, hence the primary contrast mecha 
nism is due only to force gradients in the Z-direction. 
Second, information about the X- and Y-forces along the 
surface of the sample can only be obtained by using less 
sensitive torsional force sensing. Third, large variations in 
the force between the surface and the tip often cause 
uncontrolled de?ections of the cantilever toward the sample 
surface, resulting in catastrophic tip-to~sample collisions (tip 
crashes). To reduce the incidence of tip crashes, cantilevers 
that are relatively rigid must be used, which limits the 
ultimate sensitivity of all force microscopes that are based 
on the original Binnig AFM con?guration. 

Although the prior art has addressed certain limitations in 
the art of scanning probe microscopy, none overcome all of 
the disadvantages. Accordingly, the present invention is 
directed toward providing to the art of force microscopy a 
novel means of producing high resolution analysis of a 
surface, either conductive or non-conductive, at a tip dis 
tance which will not contact (through electric current or 
inadvertence) the surface under study. A further goal is to 
provide a tip con?guration which allows for measurement of 
both axial and multi-directional lateral forces, is eifective in 
ambient conditions, is sensitive to small force gradients, and 
can be obtained using inexpensive laboratory instrumenta 
tron. 

BRIEF SUMMARY OF THE INVENTION 

The present invention provides a new and highly sensitive 
non-contact force microscope which overcomes substan 
tially all of the de?ciencies found in the prior art. More 
particularly, the present invention provides a new, highly 
sensitive and versatile con?guration for the cantilever and 
microprobe tip in such a microscope. The novel con?gura 
tion has a sharpened tip that is attached to (or formed from) 
the end of a cantilever, so that the cantilever and tip have 
substantially a common axis, and this common axis is 
oriented substantially perpendicular to the surface of the 
sample to be imaged. Thus, the geometry may be described 
as a coaxial cantilever-tip con?guration, which when 
mounted vertically over the surface of a horizontally dis 
posed sample, is made to vibrate horizontally (laterally) over 
the surface, somewhat like a tiny pendulum. Further, the tip 
is disposed at non-contact distances (that is greater than 1 
nm) from the sample, and is most useful in measuring forces 
other than the repulsive atomic forces which dominate at 
distances of less than 1 nm from the sample. Furthermore, 
when the tip is magnetized, the structure of the present 
invention may be adapted for magnetic force microscopy, as 
described by DiCarlo et al., Applied Physics Letters, vol. 61 
pg. 2108 (1992). 
The coaxial cantilever-tip con?guration of the present 

invention has several fundamental advantages over prior art 
force microscope designs. 
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First, the microscope embodying the present invention is 
especially and unexpectedly useful as a non-contact force 
microscope, where the tip is held at relatively large distances 
(1-100 nm) from the sample surface. As will be shown, 
non-contact force microscopy has some fundamental advan 
tages over prior techniques, which were limited to imaging 
the repulsive forces between overlapping atoms. At sample~ 
to-tip distances of greater than 1 nm, other, often more 
interesting interactions such as magnetic, Van der Waals, or 
electrostatic forces may be imaged. Such long-ranged and 
dispersed interactions reduce the possibly damaging in?u~ 
ence of the tip on the sample, and similarly reduce the need 
to have a microscopically clean surface. 

Second, the coaxial cantilever-tip con?guration is intrin 
sically simpler and ultimately more sensitive than prior 
designs. Using inexpensive laboratory instrumentation, a 
simple non-contact magnetic force microscope that gives 
state-of-the—art sensitivity has been obtained. 

Third, similar to the fact that the period of a pendulum 
depends on the force of gravity, the vibration frequency of 
the coaxial cantilever~tip con?guration depends on the nor 
mal (Z-component) force out of a sample. This advantage is 
primarily useful for characterizing large homogeneous 
regions of a sample, since the contrast mechanisms of 
microscopic structures are usually dominated by force gra 
dients which are measurable with this con?guration. 

Fourth, since the tip is oscillated laterally with respect to 
the sample’s surface, the primary contrast mechanism is due 
to changes that occur laterally across the sample. Often it is 
these lateral changes that are of primary interest. For 
example, in standard magnetic recording technology, the 
recorded signal consists of lateral changes in the magneti 
zation across the magnetic recording media. The coaxial 
cantilever-tip con?guration provides the most direct micro 
scopic measurement available of such recorded signals. 

Fifth, the tip may be oscillated in the X- or Y-directions, 
providing information about the magnitude and direction of 
the lateral forces at the surface of a sample, with a single, 
highly sensitive force cantilever. In fact, by adding a second 
de?ection detector, it would be possible to simultaneously 
obtain the force gradients in both the X- and Y-directions. 

Lastly, the coaxial cantilever-tip con?guration described 
herein, which is oriented substantially perpendicular to a 
sample’s surface, prohibits de?ections towards the surface, 
thereby reducing the incidence of tip crashes and permitting 
the use of ultra-small spring constant cantilevers for superior 
force sensitivity. It is true that for su?iciently strong lateral 
forces, a soft cantilever may be irreversibly displaced along 
the sample’ s surface; but since these de?ections do not result 
in a potentially damaging tip crash, they do not seriously 
affect the imaging process. Furthermore, for the coaxial 
cantilever-tip con?guration, the primary microscopic con 
trast mechanism is provided by these same lateral forces, 
thus a stiffer cantilever can be used without sacri?cing image 
contrast. 

It is therefore the principal object of the present invention 
to provide a novel and unique non-contact force microscope, 
having a coaxial cantilever-tip con?guration, which is 
highly sensitive to both the normal forces from a sample and 
multi-directional lateral force gradients, thereby providing 
high resolution topographical data, or other force data such 
as magnetic or electric ?eld measurements, from the sample 
under study. 

It is a further object of the present invention to provide a 
coaxial cantilever-tip con?guration for a non-contact force 
microscope whose oscillations may be measured in any 
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6 
lateral direction across a sample’s surface, thereby yielding 
valuable directional information about the forces. 

Another object of the present invention is to provide a 
coaxial cantilever-tip con?guration for a non-contact force 
microscope which has a low static spring constant to e?i 
ciently yield increased measurement precision, and which is 
particularly sensitive to small force gradients. 
A still further object of the present invention is to provide 

a coaxial cantilever-tip con?guration for a non-contact force 
microscope which is relatively stiff perpendicularly relative 
to the sample, to prevent surface collisions (tip crashes), and 
yet remain highly sensitive to the lateral force gradients. 

Still another object of the present invention is to provide 
a force microscope which operates at non-contact distances, 
minimizes tip-to-sample invasiveness, is effective with con 
ductive and nonconductive sample materials, and which is 
particularly useful for measuring lateral force gradients. 

Yet another object of the present invention is to provide a 
non-contact force microscope which is operational under 
normal atmospheric and temperature conditions. 

These and still further objects, as shall hereinafter appear, 
are readily ful?lled by the present invention in a remarkably 
unexpected manner as will be readily discerned from the 
following detailed description of an exemplary embodiment 
thereof, especially when read in conjunction with the accom 
panying drawings in which like numbers bear like indicia 
throughout the several views. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a vertical cross sectional view of a force 
microscope, in combination with a coaxial cantilever-tip 
con?guration, embodying the present invention; 

FIG. 2 is a perspective view of a coaxial cantilever-tip 
con?guration and capacitance probe embodying the present 
invention; 

FIG. 3(a) is a magnetic force image of a recorded region 
of VHS video tape; 

FIG. 3(b) shows the measured magnetic contrast pro?le 
along a line of image 3(a); 

FIG. 3(0) shows the calculated magnetic contrast pro?le 
for the conditions of FIG. 3(b); 

FIG. 4(a) shows a magnetic force image of a recorded 
region of VHS video tape, obtained with the rnicroprobe tip 
vibrated in a direction perpendicular to the magnetic tran~ 
sitions; 

FIG. 4(b) shows a magnetic force image of a recorded 
region of VHS video tape, with the rnicroprobe tip vibrated 
in a direction parallel to the magnetic transitions; 

FIG. 5 shows a large area magnetic force image of the 
superposed audio and video signals on a region of s-VHS 
video tape. 

FIG. 6 shows a high resolution magnetic force image of 
high-density (0.35 pm period) recorded magnetic transi 
tions; 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

This invention relates generally to the ?eld of scanning 
probe microscopy and more particularly to a non-contact 
force microscope utilizing a novel coaxially cantilevered 
rnicroprobe tip con?guration for measuring a plurality of 
properties, including certain forces and force gradients of a 
sample. 
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More particularly, the present invention pertains to a 
novel non-contact force microscope identi?ed by the general 
reference 10 as shown in FIG. 1, and comprises a support 
structure 11, and a coaxial cantilever-tip con?guration 12 
shown in its installed position relative to support structure 11 
in force microscope 10. A stage 14 is disposed in operative 
relationship on support structure 11 beneath cantilever-tip 
con?guration 12 to support sample 16. Piezo-electric-tube 
(PZT) drives 18, 19, micrometer 20, rigid insulating disk 22, 
and collar 24 are also attached, directly or indirectly, to 
support structure 11 of force microscope 10 as shown. 

In a preferred embodiment of the present invention as 
shown in FIGS. 1 and 2, a cantilever-tip con?guration 12 is 
formed from a single nickel wire having an electrochemi 
cally etched sharpened tip portion 26 formed at one end 
thereof (tip portion 26 is shown, but need not necessarily be 
cone-shaped). The remainder of the wire is shaped as an 
elongated cantilever portion 27 with an unsharpened, blunt 
end portion (not shown) for insertion in collar Cantilever 
portion 27 has a longitudinally extending axis which is in 
coaxial, operatively associated relationship with tip portion 
26. Cantilever portion 27 is also chemically etched to reduce 
the cantilever stiffness. For scanning a sample 16, con?gu 
ration is positioned in non-contact responsive relationship to 
sample as shown in FIG. 2. Tip portion 26 may also be 
formed of magnetized nickel which allows the invention to 
operate as a magnetic force microscope to measure magnetic 
forces acting on tip portion 26 due to the interaction of the 
magnetic ?elds of sample 16 with tip portion 

Force microscope 10 further comprises a capacitance 
probe 28 which measures the differential capacitance rela 
tive to cantilever portion 27 as con?guration 12 oscillates 
over a sample 16. A second capacitance probe (not shown) 
can be added to measure a second differential capacitance 
relative to tip portion 26. Well known capacitance measuring 
and graphical imaging means (not shown) can be used to 
record and display the capacitance data from either or both 
capacitance probes (if used), in understood fashion. Tech 
nology exists which makes it possible to electrically com 
bine the data from both probes (if used), for display on a 
single display device. Alternatively, a second, discrete mea 
suring and imaging means may be used to simultaneously 
and independently record the data from a second capacitance 
probe (if such is used). Of course, the methods for capaci 
tance retrieval, cumulation and display from the inputs are 
known or are simply obtainable by those skilled in the art 
and, without further description, such methods are thus 
incorporated herein. Thus, multi-dimensional forces can be 
measured as described below. 

The key feature of the present invention is the simple, yet 
effective, coaxial structural orientation of cantilever-tip con 
?guration 12. In a preferred embodiment, as shown in FIGS. 
1 and 2, cantilever portion 27 and tip portion 26 are formed 
from a single piece of wire. This process involves a sequence 
of electrochemical etching and mechanical processing. Fer 
romagnetic nickel (Ni) is a preferred material of the wire for 
magnetic force microscopy, and a 70% nitric acid solution is 
a suitable etchant. Starting with a piece of wire approxi 
mately l-mil (0,001 "=0.0025 cm) in diameter and 2 cm long, 
the ?nished shape of con?guration 12 is as shown with a 
sharpened tip portion 26 at the end of a cantilever portion 27 
with an ultra-soft spring constant of ~10-3 N/m. 
The formation process used in the preferred embodiment 

of cantilever-tip con?guration 12 is substantially as follows. 
First, a sharpened tip portion 26 is formed at one end of a 
wire by applying a positive DC voltage to the wire in an acid 
solution. The unsharpened, blunt end portion (not shown) of 
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8 
the wire is then inserted into a 0.1 mm ID, 3 mm long 
stainless steel collar 24. At this point, collar 24 is not yet 
attached to microscope 10. Rather, collar 24 facilitates 
handling the wire during processing and eventually serves to 
hold con?guration 12 in rigid insulating disk 22 in support 
structure 11 of microscope 10. 

Next, approximately 3 mm of the sharpened end of the 
wire (including tip portion 26) is pressed between two pieces 
of mirror-?nish carbide in a vise (not shown), to a thickness 
of about 5><l0_5 cm. Cantilever portion 27 is inserted 
through a 1 mm I.D., 1 mm long TEFLON® tube ?lled with 
70% nitric acid, leaving about 0.1 mm of sharpened tip 
portion 26 protruding out of the etchant solution. During this 
?nal etching process, a permanent magnet is placed close to 
the protruding tip portion 26, providing tension to help 
prevent delicate cantilever portion 27 from bending, and 
ensuring magnetic alignment along the axis of cantilever-tip 
con?guration 12. After a speci?c interval of time (on the 
order of 30 seconds, depending on desired cantilever stiff 
ness), con?guration 12 is carefully removed and placed in an 
acetone bath to prevent further etching. 

Finally, silver paint 30, which acts primarily as an adhe 
sive or glue, is applied to collar 24, and cantilever-tip 
con?guration 12 is pulled further into collar 24 until a ~0.05 
cm amount of con?guration 12 is left protruding out of collar 
24. As paint 30 dries and thus rigidly secures con?guration 
12 within collar 24, cantilever-tip con?guration 12 is care 
fully straightened by manipulating it with tweezers at the 
base of cantilever portion 27. As shown in FIG. 2, typical 
?nal dimensions of cantilever portion 27 arc: length l=0.05 
cm, width w=0.007 cm, and thickness ’r=5><l0“5 cm. Note, 
silver paint 30, as used in the preferred embodiment, serves 
a secondary purpose of ensuring an electrical connection 
between con?guration 12 and collar 24. However, any epoxy 
or other adhesive could probably be used so long as there 
remains a conductive electrical connection between con?gu 
ration 12 and collar 24. 

To scan a sample 16, collar 24 with coaxial cantilever-tip 
con?guration 12 mounted therein, is mounted in insulating 
disk 22 in support structure 11 of microscope 10 in an 
orientation that is substantially perpendicular to the surface 
of sample 16, as shown in FIG. 2. The present invention 
utilizes standard mechanisms for sample and tip movement 
as described below. Sample 16 is mounted on stage 14 and 
is raster scanned (rastered) under tip portion 26 in the X-Y 
plane by means of a piezo-electric-tube (PZT) drive 18 
which is shown as attached to microscope 10 in FIG. 1. A 
means of positioning sample 16 in proper non-contact 
responsive relationship to tip portion 26 includes a differ 
ential micrometer 20 which is used for coarse vertical 
approach (along the Z-axis), with a single PZT drive 19 for 
?ne vertical adjustments (both of which are also shown in 
FIG. 1). 

Referring again to FIG. 2, further details of-the operation 
of coaxial cantilever-tip con?guration 12 are shown. De?ec 
tions of con?guration 12 may be sensed using any of a 
plurality of standard techniques or means, such as the 
original Binnig tunneling current measurement assembly, or 
optical re?ection measurement assembly, or optical interfer 
ometry measurement assembly (none of which are shown 
here), but for reasons of compactness and versatility, the 
present embodiment uses a simple capacitive means, as 
described in Simpson et al., Rev. Sci. Instru., Vol. 48, page 
1392 (1977), and incorporated herein by this reference 
thereto. The capacitance between cantilever-tip con?gura 
tion 12, and capacitance probe 28 held near con?guration 
12, forms part of an LC circuit coupled to an RF oscillator 
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(not shown). Motion of cantilever-tip con?guration 12 with 
respect to stationary capacitance probe 28 changes the 
capacitance of the LC circuit, and thereby varies the fre 
quency of the oscillator, which is then detected and mea 
sured by an FM tuner ( not shown ). 

The mechanical resonance of the cantilevertip con?gu 
ration 12 may be excited pararnetrically by oscillating 
vertical PZT 19 up-and-down at twice the resonance fre 
quency of cantilever-tip con?guration 12, or electrostatically 
with an oscillating voltage across the gap between con?gu~ 
ration 12 and capacitance probe 28 at one-half the mechani 
cal resonance frequency of cantilever-tip con?guration 12. 
Resonance is maintained using a common Z-phase lock-in 
ampli?er and feedback circuit (not shown). Amplitude and 
frequency of oscillation of cantilever portion 27 are 
extracted directly from the lock-in ampli?er, which are then 
recorded and plotted as a function of the X- and Y-position 
of sample 16. Again, well known graphical imaging means 
(also not shown) may be used to record and/or display the 
capacitance data in understood fashion. As mentioned 
above, the measuring and display devices may be used 
separately or the data combined for display on a single 
device. These methods for capacitance retrieval, cumulation 
and display whether from singular or dual inputs are well 
known or are simply achievable and need not be described 
further herein. 

Referring now to FIGS. 3(a)—3(c), a pro?le of the mag 
netic forces between tip portion 26 and a sample 16 under 
study may be generated by measuring changes in the 
mechanical resonance frequency of the oscillating coaxial 
cantilever-tip con?guration 12 while rastering sample 16 on 
stage 14. FIG. 3(b) shows that measured variations in the 
resonance frequency as a function of position along a single 
line of the image in FIG. 3(a). FIG. 3(0) shows expected or 
calculated variations in the resonance frequency as a func 
tion of position along a single line of the image in FIG. 3(a), 
according to the calculations set forth below. 

Motion of cantilever-tip con?guration 12 is detected by 
variations in the capacitance between cantilever portion 27 
and capacitance probe 28. Changes in the mechanical reso 
nance frequency and position of cantilever-tip con?guration 
12 are detected as a function of sample 16 position. These 
changes correspond to the forces and force gradients of 
sample 16 acting on con?guration 12. Again, a second 
capacitance probe (not shown) could be introduced to simul 
taneously measure the motion of cantilever~tip con?guration 
12, and hence the forces and force gradients from the sample 
in an independent direction. Thus, in this alternative 
embodiment, two capacitance probes may be positioned at 
ninety degrees relative to each other, and cooperate to 
measure de?ections representing multiple independent com~ 
ponents of sample forces acting on con?guration 12. 
The present invention is especially effective when oper~ 

ated as a non-contact force microscope 10, with tip portion 
26 held at distances of l-lOO nm from sample 16. If tip 
portion 26 is made from a magnetized material, the inven 
tion allows measurements of magnetic forces acting on tip 
portion 26 resulting from the interaction between tip portion 
26 and the magnetic ?elds of sample 16. 

In the preferred embodiment of the present invention, an 
ultra-small cantilever spring constant is vital for maximum 
force sensitivity. The spring constant for a rectangular 
cantilever portion 27 may be calculated from k=Er3w/4l3. 
(See: Shock and Wbration Handbook 2"‘1 edition, pgs. 7—11 
to 7-16, edited by C. M. Harris and C. E. Crede, McGraw 
Hill, New York (1976)). Using a typical width (w=0.006 
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cm), thickness (T=3Xl0_5 cm), and length (1:0.05 cm) of a 
cantilever portion 27 of the present embodiment of the 
invention, and the elastic modulus of nickel E=2.07><1012 
dyne/cm2, a characteristic spring constant is calculated to be: 

This is an order of magnitude smaller than previously 
reported “soft” cantilever force microscopes, and nine 
orders of magnitude less than the quartz crystal cantilever 
system of Pub]. 
An experimental value for the effective spring constant 

may be determined from the mechanical resonance fre 
quency of cantilevertip con?guration 12. Assuming a uni 
form cantilever portion 27, with mass-per-unit-length 
7~=w1rp (where the mass density is p=8.9 g/cm3 for nickel), 
an unperturbed cantilever-tip con?guration 12 of length I has 
a resonance frequency of fo=[0.16152('c)/l2](E/p)”2. (See: 
Shock and Vibration Handbook 2'” edition, pgs. 7-11 to 
7—1 6, edited by C. M. Harris and C. E. Crede, McGraw-Hill, 
New York (1976).) Thus, replacing the cantilever thickness 
(which is usually the most di?icult parameter to measure 
accurately) by t=(f0l2/0.l6152)(p/ 1'2, the spring constant 
of cantilever-tip con?guration 12 (k=ET3W/4l3) may be writ 
ten k=(f0l)3wp(p/E)”2/0.0l686. Using measured values for 
the length (l=0.05 cm), width (w=0.006 cm) and resonant 
frequency (1,100 Hz) of a particular cantilever portion 27, 
with the known mass density (p=8.9 g/cm3) and elastic 
modulus (E=2.07Xl012 dynelcmz) of nickel, an experimen 
tal value for the effective spring constant is 

which agrees with the theoretically determined value given 
above. 

Perhaps the most relevant technique for calibrating the 
sensitivity of coaxial cantilever-tip con?guration 12 is to 
measure the frequency change from a known applied force, 
which can then be compared to the expected frequency 
change for an idealized cantilever portion 27. Expected 
frequency changes may be calculated by analyzing all of the 
forces acting on cantilever portion 27 and tip portion 26, but 
it is perhaps simpler to use an energy analysis. For simple 
linear (elastic) forces that obey Hooke’s law (generally valid 
for small displacements), the virial theorem states that the 
time-averaged kinetic energy equals the time-averaged 
potential energy: <T>=<V>. Furthermore, for such linear 
forces, the average of the sum of internal elastic energy plus 
external potential energy is equal to the sum of the average: 
<V>=<VO+VE>=<V0>+<VE>. Thus, if the oscillation 
amplitude is held constant so that the average internal elastic 
energy of cantilever-tip con?guration 12 is constant, then 
variations in the mechanical resonance frequency (which 
change the average kinetic energy) are due primarily to 
changes in the interaction potential energy 8<T>=5<VE>. 
Assuming that the time-dependent displacement at tip 

portion 26 is 8X,=Acos(2nf0t), where A is an amplitude of 
oscillation, the lateral motion at a distance Z from the 
cantilevered end is: 

5X; Z I: ( cosh Z0 

0.73410 ( sinh % - sin 

where Zed/1.875. Using <sin2(21tf0t)>=<cos2(21tf0t)>=A, 
the time average kinetic energy is found by integrating V271. 
x2 over the length of cantilever portion 27 <7>= 
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0.06257tl(21tfA)2, and the ex ected resonant frequency 
becomes f2:f02+4<VE>/(7tl1t2A ). For small external forces, 
the change in the resonant frequency is Af:f—f0=2<VE>/ 
(f07tl1t2A2). To lowest order, only potential energy terms 
which are quadratic in tip displacement contribute to a 
frequency shift, i.e. terms for which VEoc(5X)2. Contribu 
tions to <VE> come from forces along the axis of cantilever 
portion 27, and force gradients in the direction of cantilever 
oscillation. In contrast to prior art horizontally disposed 
cantilever-tip con?gurations, whose mechanical resonance 
frequency is sensitive primarily to vertical force gradients, 
the present invention, with a vertically disposed coaxial 
cantilevered-tip con?guration 12, is sensitive to vertical 
forces and horizontal force gradients. 
As an example, consider the frequency shift due to 

gravity. For a horizontal cantilever (not shown), the average 
potential energy from time spent above equilibrium is equal 
and opposite to that from time spent below equilibrium, 
hence <VE>=0; the resonance frequency of a horizontal 
cantilever is not sensitive to gravity since the gravitational 
force has negligible gradient. This behavior is veri?ed by 
orienting the invention so that the cantilever is horizontal. To 
within experimental resolution, the cantilever resonance 
frequency does not depend on the angle of rotation about the 
horizontal axis. 

For a vertically hanging cantilever portion 27 (anchored at 
its top, as described herein), the minimum in VE occurs at 
equilibrium, when cantilever portion 27 hangs straight 
down. When oscillated about equilibrium, an element of 
mass at Z rises a distance 5Z:lozdl—Z where the cantilever 
element of length is dl=\/{1+[d(5X)/dZ]2}dZ. For small 
oscillations dl={1+1/2[d(5X)/dZ]2}dZ gives <VE>: 
xg<IO’(5z)dz>:>tgnA2/32, or Afzg/(l61tb‘0). For a typical 
cantilever portion 27 of length 1:0.05 cm, which had a 
resonance frequency of fo=l,lO0 Hz, the calculated fre 
quency change when the cantilever is rotated to lie horizon 
tally is Af:0.35 Hz, in good agreement with the measured 
decrease of Af:O.38i0.05 Hz. In principle, theelastic forces 
of a vertically hanging cantilever portion 27 may be reduced 
further until gravity provides the dominant restoring force, 
but noise and scan-rate considerations limit the practicality 
of such low-frequency oscillations. The fact that one can 
readily measure changes in the mechanical resonance fre 
quency due to gravity veri?es that cantilever portion 27 is 
nearing the theoretical limit for minimal restoring force. It is 
problematic to use such soft cantilevers, which sag under 
their own weight, in a microscope with a cantilever that is 
oriented substantially parallel to the sample’s surface, as in 
the original Binnig AFM. 
The coaxially cantilever-tip con?guration 12 is exception 

ally sensitive to force interactions between tip portion 26 
and sample 16, thus it is ideally suited for measuring 
long-ranged forces at non-contact distances. One example, 
as described below, is the microscopic magnetic forces 
between a magnetized sample 16 and a magnetized tip 
portion 
The magnetostatic potential of a point dipole in a mag 

netic ?eld is VE=—m'H. For a dipole of magnitude m0 aligned 
upward along the axis of tip portion 26 mzm0 (—sin6,0, 
cosG). For small displacements from equilibrium (8X and 
SZ), the angle tip portion 26 makes with respect to the 
(vertical) Z -axis is 6=dX/dZ=l.37646X/l. Signi?cant terms 
in a Taylor-series expansion of the magnetic ?eld are HzHo+ 
(8H@X)5X,+(8H/8Z) 6Z,+1/z(82H/6X2) (6X)? At tip portion 
26, the X-displacement (6X) ranges between —A and +A, 
whereas the Z-displacement is 6Z,=1/2l0"’Z”(dX/dZ)2dz= 
0.58088 (5X)2/l. Quadratic terms in the potential which 
survive time-averaging are 
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NH 611 

an 
3% (5x19) -% H01(92)] 

which then leaves 

82H aH/ Af= m0 [ Z +l.l618 (‘0 - 
2f07t1t2l 3x2 91 

901,11) HZ 
2.752s ax 4.89457] 

Magnetic structures of size 7 generally have stray ?elds 
which vary over length scales of order 7, so that YZGZHZI 
8z2)—1y(8HZ/8z)~H . Thus, microscopic magnetic structures 
with y<<l have 128 HZ8x2>>lBHz/8z>>H0Z, and the dominant 
term which contributes to observed frequency change is 
Af=m0(82HZ/8x2)/(2fo7tn2l). 
The magnetic microstructure of the longitudinally polar 

ized video signal on pre-recorded VHS magnetic tape was 
measured. The magnetic tape is comprised of a layer of 
Fe2O3/Co compound on a mylar substrate. Force micros 
copy of this tape reveals a uniformly rough surface with no 
large scale features. When viewed with the MFM of the 
present invention, as shown in FIG. 3(a), the magnetic bit 
structure is clearly visible. To model this image, we ?rst 
consider a single arctangent magnetic transition (reorienta 
tion of the magnetization) from -M,2 to Mrx, over the 
transition width (a) centered about x=0, recorded to a depth 
(5) in the magnetic media. Assuming that the bits are much 
longer (Y-axis) than they are wide (X-axis), the demagne 
tization ?eld and derivatives of interest are: 

See: R. I. Potter, J. Appl. Phys. 41, 1648 (1970) and D. 
Rugar, H. J. Mamin, P. Guenther, S. E. Lambert, J. E. Stem, 
I. McFadyen, and T. Yogi, J. Appl. Phys. 68, 1169 (1990). 

For a vertically cantilevered tip portion 26, the dominant 
contribution to magnetic contrast for small magnetic struc 
tures comes from the integral of a 82Hz/E9x2 over the volume 
of tip portion 26. Assuming a tip portion 26 of macroscopic 
height, with a cross-section that never decreases with 
increasing height, the volume integral may be converted to 
an integral over the surface of tip portion 26 using BZHZ/ 
3x2=— 7 2Hz/ézz: 

a211, I HI: 3HZ ] 8x2 dz dxdy: T zbtdy 

For a cone-shaped tip portion 26, this surface integral 
contains terms which do not depend on lateral position, 
including a term which diverges logarithmically with the 
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height of the cone. These terms, however, do not contribute 
to the lateral resolution and hence may be ignored as a 
constant background frequency shift. For a cone of half 
angle on, centered a distance x() from the transition at a height 
20 above the magnetic media, the spatially dependent com 
ponents which contribute to contrast are: 

The term in I(x0,zO) which diverges logarithmically with 
x028 may be removed by considering multiple transitions 
with alternating orientation. For the frequency modulated 
luminescence signal in VHS recording technology, bits have 
alternating orientation with widths W=O.5—0.8 um. Assum 
ing constant bit width, the net frequency shift becomes: 

Aflxo, 10) = 

Using appropriate values for the length l=0.05 cm, conic 
angle 2ot:l0°, unperturbed resonance frequency f0=l kHz, 
scan height zo=50O nm, and magnetization density mO=50O 
emu/cm3 of nickel; as well as reasonable values for record 
ing depth 5:50 nm, transition width a:300 nm, bit width 
W=0.83 um, and media magnetization Mr=500 emu/cm3, 
qualitative and quantitative agreement between observed 
(FIG. 3(b)) and calculated (FIG. 3(c)) magnetic contrast are 
obtained. 

Referring to FIGS. 4(a)—4(b), the intrinsic capabilities for 
coaxial cantilever-tip con?guration 12 to resolve directional 
information are demonstrated. In essence, a single magnetic 
transition is a line where two rows of oppositely oriented 
magnetic dipoles meet. For example, one row has all their 
poles pointing in one direction [e.g. north (N) in the +x 
direction], while the other row has its poles oriented in the 
opposite direction (N in the —x direction), so that the 
transition is a line between two rows of N poles. An opposite 
transition occurs along the line between two south (S) poles. 
Considerable magnetic ?ux is expelled out of the recording 
media along the line where the N poles meet, and this 
magnetic ?ux is returned back into the media along the line 
where the S poles meet. In VHS technology, changes in the 
distance between these transitions are converted into a 
frequency modulated signal that contains the recorded video 
image. FIG. 4(a) is an image of VHS recorded tape taken 
with tip portion 26 oscillating in the X-direction (perpen 
dicular to the transition lines) demonstrating a large contrast 
due to the large changes in the magnetic force as the 
magnetic ?eld makes transitions from the +x direction to the 
—x direction. FIG. 4(b) is an image of a similarly recorded 
region of the VHS tape, but with tip portion 26 oscillating in 
the Y~direction (parallel to the transition lines) revealing 
only small changes in the magnetic ?elds along the transi 
tions. The contrast between PIGS. 4(a) and 4(b) demonstrate 
the high sensitivity of coaxial cantilever-tip con?guration 12 
for resolving directional information. 
The mechanism for directional contrast demonstrated in 

FIGS. 4(a)—(b) is intrinsic, hence it does not require a special 
orientation of the magnetized tip. Similar contrast between 
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14 
force—gradients in the X- and Y-directions may be obtained 
when operated as a general purpose non-contact force 
microscope be. The original Binnig con?guration, with the 
cantilever oriented parallel to the sample’s surface, cannot 
resolve differences in the X and Y- force gradients since the 
tip can only be vibrated in the Z~direction (normal to the 
sample). A further intrinsic advantage of coaxial cantilever 
tip con?guration 12 is that, if a second capacitance probe (or 
other independent vibration detection system) were 
installed, it would be possible to measure motion of canti 
lever portion 27 simultaneously in the X- and Y~directions, 
allowing concurrent detection of both lateral components of 
the force gradient. 

Referring to FIG. 5, yet another intrinsic advantage of 
coaxial cantilever-tip con?guration 12 can be seen. In 
s-VHS technology the density of recorded information is 
increased by superimposing a high-?delity sound signal 
onto a standard VHS video signal. The sound signal is 
recorded at a lower frequency, so that it is embedded deeper 
into the magnetic recording media, essentially utilizing all 
three dimensions of the media. The resulting recorded 
structure is quite complex, making it di?icult to resolve 
using previous techniques for magnetic microscopy. Since 
coaxial cantilever-tip con?guration 12 is vibrated laterally 
over the sample’s surface, it is ideally suited for resolving 
changes in the magnetic ?eld as a function of lateral position 
over the magnetic recording media, which is most closely 
related to the signal that is sensed by a magnetic read head. 
In FIG. 5 it is shown that, even when scanned over a large 
scale, a microscope 10 employing the present invention is 
able to clearly resolve all of the complex structures of the 
s-VHS recording. ' 

Magnetic rnicrostructures small enough to clearly estab 
lish the ultimate resolution of force microscope 10 of the 
present invention have not yet been examined. Nevertheless, 
close examination of magnetic force images from the VHS 
recording tape (FIG. 6), reveals structure indicative of the 
individual magnetic particles which comprise the magnetic 
recording media. This shows that the resolution of the 
present invention signi?cantly exceeds the typical particle 
diameter of ~100 nm; this simple tabletop force microscope 
10, used as an MFM, provides unexpected resolution on the 
order of 10 nm, comparable to highly sophisticated, state 
of-the-art magnetic force microscopes. 
From the foregoing, it is readily apparent that a useful 

embodiment of the present invention has been herein 
described and illustrated which ful?lls all of the aforestated 
objectives in a remarkably unexpected fashion. It is, of 
course, understood that such modi?cations, alterations and 
adaptations as may readily occur to the artisan confronted 
with this disclosure are intended within the spirit of this 
disclosure which is limited only by the scope of the claims 
appended hereto. 

Accordingly we claim: 
1. A cantilever-tip con?guration for use in a non-contact 

force microscope for measuring selected forces and force 
gradients of a sample, said con?guration comprising an 
elongated cantilever portion and a sharpened tip portion 
operatively associated with and disposed in substantially 
coaxial relationship with said cantilever portion. 

2. A cantilever-tip con?guration according to claim 1 in 
which said cantilever portion and said tip portion are formed 
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from a single piece of wire, said tip portion being disposed 
at one end of said wire, and having means for operatively 
installing said con?guration in a non-contact force micro 
scope. 

3. A cantilever-tip con?guration according to claim 1 in 
which the geometry of said con?guration inhibits axial 
de?ections toward said sample. 

4. A cantilever-tip con?guration according to claim 3 in 
which said cantilever portion has a low static spring con 
stant. 

16 
5. A cantilever-tip con?guration according to claim 1 

further comprising means for measuring de?ections of said 
con?guration in response to selected forces and force gra 
dients of said sample. 

6. A cantilever-tip con?guration according to claim 5 in 
which said means for measuring de?ections of said con?gu 
ration comprises a capacitance measurement assembly. 

7. A cantilever-tip con?guration according to claim 2 in 
which said wire is nickel. 


